SUMMARY
Depression of ventilation is an inevitable effect of all mu receptor agonists. The principal mechanism involves decreased responsiveness of the respiratory centres to increases in carbon dioxide tension. Nevertheless, because of technical difficulties and ethical issues, only a few paediatric studies on the ventilatory effects of i.v. opioids have been carried out. Morphine is an opioid fundamental to the treatment of pain in both children and adults, and a standard drug against which other analgesics are compared in clinical trials. When given for pain, morphine rarely causes clinically important ventilatory depression in children [1] [2] [3] , although ventilatory frequency is decreased in both children and adults [4, 5] . Pethidine is used often in the management of paediatric pain and premedication, even though it has few, if any, documented advantages over morphine. The analgesic efficacy and side effects of pethidine are comparable to those of morphine, but it has a shorter duration of action [6] . During recent years, methadone has been advocated for management of postoperative pain, and in some countries it is fundamental to the treatment of cancer pain in children [7] . The analgesic effect of methadone is comparable to that of morphine, but of considerably longer duration [8] [9] [10] [11] [12] .
Analysis of end-tidal gases is a non-invasive, continuous and sensitive method of measurement of the ventilatory variables [13, 14] . The aim of this study was to compare the effects of equianalgesic i.v. single doses of morphine hydrochloride (referred to subsequently as morphine), pethidine and methadone given after operation, on ventilatory frequency, end-tidal carbon dioxide and oxygen concentrations and peripheral arteriolar oxygen saturation in children.
PATIENTS AND METHODS
The study was an open, randomized, single-dose design approved by the local Ethics Committee. Parental informed consent was obtained for all children. Children were excluded if they had severe cardiovascular or respiratory disease, hepatic or renal insufficiency, any congenital or genetic disorder possibly causing atypical opioid response or kinetics, or were severely overweight.
We studied 30 children aged 3-10 yr, undergoing elective ophthalmic surgery. Patients were allocated to groups according to the day of birth (1-10 days of month morphine, 11-20 days pethidine and 21-30 methadone). Premedication comprised oral liquid flunitrazepam O.lmgkg" 1 (maximum 2 mg). Anaesthesia was induced with thiopentone 5 mg kg" 1 .
Patients were intubated and ventilated to normocapnia using a Siemens-Elema 900 ventilator (Siemens, Sweden). Anaesthesia was maintained with 66 % nitrous oxide and 1-2 vol % halothane in oxygen. Relaxation was produced with pancuronium and die degree of block was monitored with a transcutaneous nerve stimulator. At the end of surgery, residual neuromuscular block was antagonized with neostigmine and glycopyrronium. No analgesics were given during anaesthesia.
After transfer to the recovery room, patients were given additional oxygen for 20 min. Non-invasive arterial pressure measurement, ECG (for heart rate) and pulse oximetry (peripheral arteriolar oxygen KATJU saturation, Sp 0 ) were monitored using a Cardiocap CMO (Datex, Helsinki, Finland). End-tidal carbon dioxide (Ec Ot ) and oxygen (EQ,) concentrations and ventilatory frequency were monitored using a Capnomac (Datex, Helsinki, Finland). To collect end-tidal gas samples, a small plastic tube was inserted in one of the patient's nostrils, to which topical anaesthetic cream EMLA (Astra, Sweden) had been applied during anaesthesia. At the end of anaesthesia, the nose and pharynx were cleared by suction to ensure free air flow. Thirty minutes after discontinuation of anaesthesia (10 min after discontinuation of additional oxygen) the patients were given single i.v. doses of morphine O.lmgkg" 1 , pethidine 0.67 mg kg" 1 or methadone O.lmgkg" 1 as prophylactic analgesic treatment. If the patient was assessed to have pain during the observation period, a rescue analgesic (diclofenac 1 mg kg" 1 i.v.) was given as indicated. Ventilatory measurements were continued for 2.5 h after administration of the drugs.
Data were collected as a mean value of every 10 s to a central monitoring computer for later analysis. Data were plotted every 2 min for the first 16 min, every 5 min for the next 40 min and then every 10 min for the remainder of the study. All side effects and adverse reactions during the observation period were recorded.
Data were analysed with Systat 5.0, operating system DOS 3.31 run on Compaq Portable 386 [15] . For statistical comparison, all ventilatory and cardiovascular variables were expressed as change from the starting value immediately before administration of the study drugs. Area under the curve (AUC) was calculated for the curves produced by plotting the following variables against time: ventilatory frequency (AUCv F ), end-tidal carbon dioxide (AUC^, O ), end-tidal oxygen (AUC^,), peripheral arte'riolar oxygen saturation (AUC SPo ), heart rate (AUC HR ), and systolic (AUCs AP ) and Hiastolic (AUC DAP ) arterial pressures. All values for AUC were calculated using the linear trapezoidal rule and then normalized to compensate for differences in follow-up time. AUC was used because, as a cumulative index, it provides a better global estimate of a variable than any single value. Acute effects were evaluated by examining the maximum changes of the respective ventilatory and cardiovascular variables. One-way analysis of variance and Student's t test for unpaired data were used to compare AUC values between groups. A significant difference was accepted at f < 0.05.
RESULTS
Characteristics of the patients in the treatment groups are shown in table I. Predrug values and AUC values with 95 % confidence interval (CI) for the ventilatory variables after each drug are shown in table II. Follow-up time was 150 min in all 10 patients in the morphine and methadone groups and seven patients in the pethidine group; three patients in the pethidine group were followed up for 140 min.
After administration of the analgesics, the acute decrease (0-4 min) in ventilatory frequency was significantly greater with pethidine and methadone than with morphine (P < 0.05). There was no difference between pethidine and methadone in this respect. AUC VF values were the same in the study groups. Based on the mean ventilatory frequency curves, ventilatory frequency decreased sharply after pethidine and methadone in contrast with morphine, reaching a minimum at 6 and 21 min, respectively
There was no significant difference in the E' COI values between morphine and pethidine. AUQ,^ for methadone differed significantly from those* of morphine and pethidine (P < 0.001). Maximum mean Ec Ol occurred at 12,6 and 8 min with morphine, pethidine and methadone, respectively. It was significantly (P < 0.001) greater with methadone than with morphine or pethidine. Based on the mean E' CO curves, E' COt values remained increased for 31,14 and 81 min after morphine, pethidine and methadone, respectively ( fig. 1) . In individual patients, the greatest Ec O , values were 6.6-7.6% (mean 7.1 (SD0.4)%) in the morphine group, 6.7-8.6% (7.5 (0.6)%) in the pethidine group and 7.3-8.4% (8.0 (0.4) %) in the methadone group. The magnitude of increase in E^O J individual patients was not related to the predrug Eco, or duration of anaesthesia.
AUC^ for methadone was significantly smaller (P < 0.00*1) than that of morphine or pethidine. between treatment groups. During the day of operation, nine patients given morphine, nine given pethidine and seven given methadone needed additional analgesic. A second dose of the same opioid was given for severe pain to one patient in the pethidine group (at 2 h 50 min after the first dose), and two patients in the methadone group (at 2 h 45 min and at 1 h 15 min after the first dose). After the administration of the second dose of opioid, ventilatory values of the patient were excluded from the data analysis from the moment of administration. Duration of sleep and analgesia after the drugs and side effects are shown in table III.
DISCUSSION
In this study, anaesthetic and fluid management, positioning of the child and timing of drug administration were standardized in order to permit comparisons. Opioids were not used for premedication or during anaesthesia. Diclofenac was chosen for the primary rescue analgesic because it does not affect ventilation and has been shown to be effective for pain in children [16] . This management is not optimal for prevention of postoperative pain, and the opioid-induced ventilatory depression is superimposed upon recovery from anaesthesia, but this design allows measurements of ventilatory changes in a calm and co-operative child, breathing room air. The smaller control value of E^> t in the morphine group compared with those in the two other groups, and the small differences of E^O i and EQ, values from values predicted by the alveolar air equation, may be related to errors in measurements. The relatively high baseline ventilatory frequency and E' COJ value probably reflect residual halothane effects. However, the mean ventilatory frequency in each group decreased promptly in response to the i.v. opioids. In general, ventilatory frequency proved to be an insensitive indicator of hypoventilation. The greatest E' COJ value in this study, 8 [14] , did not occur in this study, possibly because of the shorter circulation time in young children compared with adults.
The analgesic potencies of morphine, pethidine and methadone have not been compared in children. In the present study it was not possible to assess equianalgesia, but the mean time to rescue analgesia in this study corresponds with the expected duration of analgesia of the three drugs [6] . The doses studied were based on clinical practice of administering i.m. pethidine 1 mgkg" 1 and morphine 0.15 mg kg" 1 to children. Morphine and methadone were regarded as equal in potency [6, 10] . It is not known if the ventilatory depressant effects of truly equianalgesic doses of morphine, pethidine and methadone differ in magnitude. However, this study has shown a clear difference in the time course of ventilatory changes.
In adults, pethidine has been shown to produce slight but rarely clinically significant decreases m ventilatory frequency [17] [18] [19] or changes in ventilatory volumes or arterial gas tensions with no decrease in ventilatory frequency [20, 21] . In newborn infants, pethidine produces less ventilatory depression than morphine [22] . In older children, ventilatory frequencies were similar after administration of morphine and pethidine [23] . In the present study, acute changes in ventilatory frequency, Eco, and Sp Oi after pethidine were steeper, but of shorter duration than after morphine. The shorter effect of pethidine is in agreement with data in adults [6] .
In common with previous studies, this study suggests that methadone produces slightly more ventilatory depression than morphine, but the risk of significant hypoventilation is small with the doses used [10] [11] [12] 24] . However, larger doses or accumulation of methadone during long-term administration may produce significant ventilatory depression [11, 24, 25] . In our study, methadone produced more prolonged changes in ventilation than morphine or pethidine. This is consistent with the longer duration of analgesia and slower elimination of methadone compared with those of morphine or pethidine [8, 12, 26] . As previously reported in adults [26] , the maximal increase in E^o, occurred more rapidly after methadone than after morphine. This is consistent with the greater lipid solubility of methadone [27] .
